Infrared and Raman investigations of two phases of bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) based organic conductors with the same CF 3 CF 2 SO − 3 anion: β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 and δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 , are shortly reviewed and compared with the most typical infrared properties of the family of (BEDT-TTF) 2 RR'SO 3 organic conductors, where R = SF 5 , CF 3 , and R' are CH 2 , CF 2 , CHF, CHFCF 2 , and CH 2 CF 2 . The role of the molecular structur and spatial organization of the counterions is discussed.
Introduction
Physical properties of low dimensional organic conductors exhibit a wide variety depending on the crystal composition and organization. For a given electron donor molecule these properties derive primarily from the packing motif of donor-radical cations in the conducting layer. Electronic characteristics of the organic conductors depend strongly also on the acceptor anion which in some cases can be modified prior to the crystallization process. These effects will be exemplified by the family of organic BEDT-TTF-derived conductors of the general formula (BEDT-TTF) 2 RR'SO 3 , where R = SF 5 , CF 3 , and R' = CH 2 , CF 2 , CHF, CHFCF 2 , CH 2 CF 2 . These salts are based not only on the organic donor but also the organic acceptor. This family contains materials from a superconductor (with R = SF 5 , and R' = CH 2 CF 2 ) to various semiconductors [1] [2] [3] [4] [5] [6] .
In this paper we concentrate on the influence of crystal organization on electron and vibrational excitations taking into consideration two phases of BEDT-TTF-based material with trifluoromethylsulfonate anion:
β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 and δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 . These two organic semiconductors show different structure and electronic properties. In particular, we discuss the polarized Raman and infrared reflectance (IR) spectra. Our spectral investigations are supported with quantum chemical calculations of molecular conformations and excitations. 
Remarks on structural genealogy and crystal structure
It is characteristic of BEDT-TTF that this electron donor molecule forms a rich variety of phases with various anions. For example, the crystal structure of β"-(BEDT-TTF) 2 SF 5 R'SO 3 (R' = CH 2 CF 2 , CHFCF 2 , CHF)family of materials contains conducting BEDT-TTF layers alternating with anion layers [1] [2] [3] . BEDT-TTF molecules are oriented approximately parallel to each other, forming loose stacks along axis direction. The short intermolecular contacts are primarily between molecules located on adjacent stacks. In the β"-(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 superconductor the anion contains no chiral carbon and the anion pocket is ordered [4] . The anion pocket which comprises SF 5 CH 2 CF 2 SO − 3 ion is formed by spatial organization of the cation layers [5] . Short contacts, which determine a local order, are formed by the BEDT-TTF hydrogen atoms: four to SF 5 fluorine atoms and six to SO 3 oxygen atoms of the anions. In the β"-(BEDT-TTF) 2 SF 5 CHFCF 2 SO 3 salt, the ethylene groups of the BEDT-TTF donor are disordered at room temperature and become ordered below 200 K. The anion pockets are disordered with the two possible configurations, and have a chiral carbon [4] . This disorder destroys the low temperature metallic state, resulting in a metal-insulator transition at 200 K [2, 4] . In the metallic β"-(BEDT-TTF) 2 SF 5 CHFSO 3 salt, the anion contains a chiral carbon atom, but anion pockets are well ordered, similar to the β"-(BEDT-TTF) 2 SF 5 CH 2 CF 2 SO 3 salt [4] . The anions form dimers by making C-H· · ·O hydrogen bonds between the hydrogen atom of the central carbon and one oxygen atom of the sulfonate group. An analysis of the polarized infrared reflectance, optical conductivity, and calculated band structure of the metallic β"-(BEDT-TTF) 2 [4] , allows to see correlations between electronic properties of the salts and chemical modifications of the anions. Signatures of the disorderdriven charge localization on the dimerized BEDT-TTF molecules are found both in electronic and vibrational response of β"-(BEDT-TTF) 2 SF 5 CHFCF 2 SO 3 . Thus, the disorder in the anion pocket in this material results in a metal-insulator transition at 175 K. The two disorderrelated low-energy electronic transitions are enhanced in the spectra with both spatial and local disorder [5] .
In the β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 salt, the planes of the BEDT-TTF molecules in the two-dimensional conducting layer are arranged perpendicular to the stacking axis [6, 7] . The hydrogen atoms of the ethylene groups of BEDT-TTF form hydrogen-bonding interactions with the anion layers. The crystals belong to the triclinic crystal system, space group P1, and the structure is not changed with temperature [7] . Strongly dimerized structure of the conducting BEDT-TTF layer results in effective 1/2 band filling. β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 is similar in structure and physical properties to formerly investigated β'-(BEDT-TTF) 2 SF 5 CF 2 SO 3 [3] . Both materials display spin-gap phase transition at low temperature [3, 7] , which origin is still an open issue [8, 9] . In δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 , the dimerized BEDT-TTF molecules are twisted with respect to the stacking axis. At room temperature, the crystals belong to the monoclinic system, space group P2 1 / , which is changed to Pca2 1 (orthorhombic) below about 150 K [7] .
The main difference in the crystal organization between members of the whole (BEDT-TTF) 2 RR'SO 3 family resolves itself into the form of large, discrete, and chemically tunable anions. The H· · ·O and H· · ·F contacts between BEDT-TTF molecules and anions are responsible for the specific molecular packing of the crystal structure of the materials. For evaluating the role of spatial organization of anions we have optimized the molecular geometry of the RR'SO − 3 anions, where R = SF 5 , CF 3 , and R' is CH 2 , CF 2 , CHF, CHFCF 2 , CH 2 CF 2 ( Fig. 1) . The size and organization force of the anions affect on the structure of the donor layer, and hence the variety of the anion in (BEDT-TTF) 2 RR'SO 3 family, provide the diversity of their physical properties.
Spectral investigations
Spectral studies play an important role in the investigation of low-dimensional organic conductors because they provide information on a number of fundamental interactions and basic properties. Some possibilities of spectral methods will be presented taking into consideration mainly two BEDT-TTF-based salts with CF 3 CF 2 SO − 3 anion:β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 and δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 .
Polarized IR reflectance measurements of oriented single crystals of both β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 and δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 salts were performed using FT-IR spectrometers equipped with IR microscopes. Raman spectra were recorded using a micro-Raman spectrometer and 514.5 nm laser light excitation. The optical conductivity σ (ω) was calculated using Kramers-Krönig analysis of the measured reflectance. The full optimization of molecular geometries of both anion and BEDT-TTF, as well as the ab initio normal modes frequencies calculation of the components of investigated salts, were performed using ) measured at two temperatures 300 and 10 K; one of the insets displays optical conductivity spectra in the broad frequency range measured at 300 K in two principle polarization directions, and the other -molecular geometry of the CF 3 CF 2 SO 3 anion. (b) IR optical conductivity spectra of δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 polarized in two principle polarization directions, measured at 10 K; the inset displays the respective spectra measured at 300 K in the broad frequency range.
the density functional theory (DFT) with Becke's three parameter exchange functional combined with the LeeYang-Parr correlational functional (B3LYP). Calculations were performed using the Gaussian 03 package. Other details of spectral investigations and quantum chemical calculations will be presented elsewhere. Fig. 1a shows the IR optical conductivity spectra of β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 polarized in two principle polarization directions, measured at two extreme temperatures 300 and 10 K. Substantially higher reflectance is detected in → E ⊥ direction, which is parallel to the stacks of BEDT-TTF dimers within the conducting plane, in agreement with quasi-one-dimensional band structure. Characteristic features of both the → E and → E spectra are mid-infrared electronic bands and strong molecular vibrational modes below approximately 1500 cm −1 . Most of the vibrational features in the 600-1500 cm −1 frequency range are known to originate from the coupling of the totally symmetrical modes of the BEDT-TTF molecule with low-lying electronic transitions within the broken symmetry dimerized structure [10, 11] . The optical conductivity spectra display low-energy electronic excitations at 2800 cm −1 ( → E ) and about 4000 cm −1 (
→ E
). Such low-lying electronic excitation in organic conductors are often referred to as charge transfer (CT) bands resulting from an electron hopping between neighboring sites within (BEDT-TTF) + 2 dimer cation. The lowering of the temperature mainly results in higher reflectance in the range of the electronic band for → E and splitting of the vibrational features. In particular, some of changes in vibrational structure are related to the 30 K spin-gap phase transition.
The most informative are three normal modes involving C=C stretching vibrations of BEDT-TTF molecule, because their frequencies are very sensitive to charge redistribution [12] . Assuming the planar D 2 point group symmetry for the donor molecule, these modes are labeled ν 2 (A ) assigned mainly to symmetric ring C=C stretching, ν 3 (A ) bridge C=C stretching, and ν 27 (B 1 ) antisymmetric ring C=C stretching. On the other hand, the totally symmetrical modes of BEDT-TTF molecule that are Raman active, can be activated in infrared spectra as a result of electron-molecular vibration (EMV) coupling. These socalled vibronic modes, characteristic for low dimensional organic conductors, are exceptionally sensitive to structural modifications, so they often serve as a microscopic tool for investigations of phase transitions and charge distribution determinations. In the low temperature Raman spectra of the β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 salt, three bands b 1 , b 2 and b 3 are seen (Fig. 2a) . The b 1 band observed at 1500 cm −1 should be attributed to ν 2 (A ) and b 2 band to ν 3 (A ); the remaining b 3 band is asymmetrical C=C stretching labeled ν 27 (B 1 ), activated in Raman due to interaction within the symmetric dimer. These results do not indicate any charge disproportionation. The δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 salt undergoes a structural change from monoclinic to orthorhombic system at the phase transition temperature. Fig. 2b shows temperature evolution of the Raman spectrum for the δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 salt recorded for one polarization direction in the frequency range of C=C stretching modes. At room temperature, there are two bands at 1470 and 1493 cm −1 representing symmetrical stretching modes of C=C bonds, labeled as ν 3 (A ) and ν 2 (A ), respectively. These frequencies indicate the presence of average +0.5e charge on BEDT-TTF molecules. Below the phase transition temperature, which is about 200 K based on this spectral study, the Raman spectra are composed of more bands. We identified two bands for ν 2 (A ) mode at 1515 and 1488 cm −1 and two bands for ν 3 (A ) mode at 1471 and 1456 cm −1 .
Figure 2. Temperature evolution of the Raman spectra of β'-(BEDT-
, measured along the axis (stack direction) in the frequency range of C=C stretching modes.
In the δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 salt the ungerade ν 27 mode is polarized along the BEDT-TTF molecular long axis, which is usually perpendicular to the best developed crystal face in organic conductors. This mode in the room temperature is observed as a weak feature at 1464 cm
with a very weak shoulder at 1454 cm −1 (Fig. 1b) , but undergoes a splitting at the structural phase transition, and at low temperature four IR bands are displayed at 1436, 1450, 1472, and 1478 cm −1 . Based on the position of the ν 27 components, we estimate the fractional charge at room temperature as ≈ +0.5e and at temperatures below the phase transition temperature as about +0.6e (1450 cm −1 ) and +0.4e (1478 cm −1 ) [13] . Thus, the IR data remain in close agreement with the Raman results mentioned above. Based on this spectral study, the δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 material undergoes a structural phase transition accompanied with charge ordering.
Both β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 and δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 materials display weak C-H symmetric stretching vibrations in the frequency range 2700-3000 cm −1 but the most prominent feature in the vibrational spectra of organic conductors is the C=C bridge stretching mode assigned as ν 3 (A ). This mode, activated in the IR spectra due to EMV coupling, is characterized by a strong coupling constant and often display large factor-group splitting (Fig. 1) [12] . In the investigated salts, the ν 3 (A ) mode is very strong and appears at 1320 cm −1 in β'-(BEDT-TTF) 2 SO 3 anion, and characterized with a strongly dimerized structure, are shortly reviewed and compared with the most typical spectral properties of the family of (BEDT-TTF) 2 RR'SO 3 organic conductors. The most important result is the observation of the charge order state for the δ'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 salt and the absence of this effect for the β'-(BEDT-TTF) 2 CF 3 CF 2 SO 3 material. It was also stressed that the role of counterions can not be neglected. The counterion, which mainly assures the electrical neutrality of the salts, influences also their physical properties, in particular the spectral properties in the vibrational range. There are several mechanisms of these effects, among others formation of hydrogen bonds or other specific interactions, steric hindrances caused by molecular organization of badly matched anions to anion pockets, disorder-related charge localization, stimulated reorganization of the crystal structure by spatial forms of the counterions and so on. All these effects give unique information on various interactions or couplings occurring in BEDT-TTF-based organic conductors.
Conclusions

